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METHOD OF CONTROLLING CRITICALITY
OF NUCLEAR FUEL CYCLE FACILITY,
METHOD OF PRODUCING URANIUM
DIOXIDE POWDER, REACTOR FUEL ROD,
AND FUEL ASSEMBLY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of controlling the
criticality of nuclear fuel cycle facilities, a method of produc-
ing uranium dioxide powders (UO, powders) that are reactor
fuels (UO,), areactor fuel rod loaded in a nuclear reactor, and
a fuel assembly. The present invention particularly relates to
a method of controlling the criticality of a nuclear fuel cycle
facility, such as a fuel fabrication facility or a fresh-fuel
storage facility, using a reactor fuel rod fabricated using a
UO, powder containing less than 0.1% by weight of gadolinia
(Gd,0;), to amethod of producing a UO, powder, to areactor
fuel rod, and to a fuel assembly. Furthermore, the present
invention covers a method of controlling the criticality of a
spent-fuel transport/storage cask or a fuel storage pool for
storing the fuel assembly.

2. Related Art

In order to enhance the power uprating and operation
period extension of nuclear power plants and in order to
increase the economic efficiency thereof by suppressing the
number of spent fuel assemblies in the future, the uranium
enrichment of fuel is preferably increased. The increase in the
uranium enrichment of fuel reduces the number of fresh fuel
assemblies and the number of spent fuel assemblies per unit
electricity generated and also greatly reduces fuel cycle costs.

Plants for fabricating fuel assemblies for commercial light
water reactors are usually designed to pass a safety examina-
tion for the criticality safety of fuels with a uranium enrich-
ment of up to 5% by weight. The safety examination is per-
formed according to the guideline “KAKOU SHISETSU NO
TAMENO ANZEN SHINSA SHISHIN (Safety Review
Guideline for Uranium Processing Facility)”, whereby the
construction of such plants is approved. Fuel storage pools
and spent-fuel transport/storage casks are evaluated for criti-
cality safety on the basis of the above concept.

Reactor fuels with a uranium enrichment of greater than
5% by weight (hereinafter referred to as “over -5% reactor
fuels”™) are strictly regulated under the guideline “TOKUTEI
NO URAN KAKOU SHISETSU NO TAMENO ANZEN
SHINSA SHISHIN (Safety Review guideline for Specific
Uranium Processing Facility”.

In order to use the over -5% reactor fuels, design changes
and/or equipment modifications are required for a fabricating
step in view of criticality control. Design changes and/or
equipment modifications are also required for a fresh-fuel
transportation step, a fresh-fuel storage step, a spent-fuel
transportation step, and a spent-fuel storage step. This may
offset the reduction in fuel cycle costs due to the increase in
the enrichment of reactor fuels.

For the fuel storage pools and the spent-fuel transport/
storage casks, the handling of the following assemblies may
be restricted because of criticality control, i.e., fuel assem-
blies including reactor fuel rods with a uranium enrichment of
greater than 5% by weight or existing fuel assemblies with a
maximum enrichment of 5% by weight or less. This may
require equipment modifications.

In order to use the reactor fuels with a uranium enrichment
of greater than 5% by weight, such design changes and/or
equipment modifications required for each step cause an
increase in cost, and therefore, may offset the reduction in
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fuel cycle costs due to the increase in the enrichment of
reactor fuels as described above. Measures need to be taken
against this problem. For the use of the reactor fuels with a
uranium enrichment of greater than 5% by weight, the upper
limit of the uranium enrichment of fuels for commercial
light-water reactors is about 10% by weight for practical
purposes.

The results of the investigation of such measures have
shown that equipment modifications are required for steps
handling uranium fuels, containing no burnable poison, with
an enrichment of greater than 5% by weight in fuel fabrication
facilities.

For the transportation and storage of fresh and spent fuel
assemblies, the modification of transportation casks and
transportation equipment may be avoided by making use of
the reactivity-suppression effect (gadolinia credit) of a high
concentration (several weight percent) of gadolinia, which is
a burnable poison widely used for burnable poison-contain-
ing fuel assemblies.

Upon the implementation of the above measures, the type
and concentration of a burnable poison added to reactor fuels
are important.

Gadolinia, which is a burnable poison widely used for fuel
rods for light-water reactors, has a large neutron absorption
cross-section and high reactivity-suppression effect.

Erbium oxide (Er,O,) and boron (B) have a thermal neu-
tron absorption cross-section less than that of gadolinium
(Gd) and are effective in ensuring criticality safety in such a
manner that a slight amount of erbium oxide is added to UO,
pellets as disclosed in Patent Document 1, or boron is used to
coat the surfaces of UQO, pellets or the inner surfaces of fuel
cladding tubes as disclosed in Patent Document 2. As shown
in FIGS. 1 to 3, which are disclosed in Non-patent Document
1, Er-167, B-10, and Gd-157, which is an isotope of Gd, have
a thermal neutron absorption cross-section of about 640,
3,840, and 254,080 barns, respectively, at room temperature
(0.025 eV). That is, the thermal neutron absorption cross-
sections of Er-167 and B-10 are far less than that of Gd-157.

If a burnable poison is added to a reactor fuel, the burnable
poison remains in the reactor fuel at the end of an operation
cycle depending on the type of the burnable poison and there-
fore may cause the reactivity loss of a reactor core. Hence, it
is difficult to achieve the reduction in fuel cycle costs due to
the increase in the enrichment of reactor fuels.

(Prior Art Documents Cited Above)

Patent Document 1: Japanese Unexamined Patent Appli-
cation Publication No. 2004-177241

Patent Document 2: Japanese Unexamined Patent Appli-
cation Publication No. 4-212093

Non-patent Document 1: Nuclear Data Center at Japan
Atomic Energy Agency, JENDL-3.3, [online], retrieved from
the internet <URL: http://wwwndc.tokai-sc.jaea.go.jp/jendl/
j33/J33_J html>

Non-patent Document 2: Nuclear Materials Regulation
Division/Nuclear Safety Bureau/Science and Technology
Agency, “Nuclear Criticality Safety Handbook”, Nikkan-
shobou, 1988

Non-patent Document 3: Thermal and Nuclear Power
Engineering Society, “Atomic Fuel Cycle and Disposal Treat-
ment”, 1986

SUMMARY OF THE INVENTION

The present invention has been made in consideration of
the circumstances encountered in the prior art mentioned
above, and an object of the present invention is a method of
controlling criticality of a nuclear fuel cycle facility and a
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method of producing uranium dioxide powder for the purpose
of reducing an impact on the criticality control of a nuclear
fuel cycle facility by adding a slight amount of gadolinia,
which is a burnable poison with a large neutron absorption
cross-section, to a reactor fuel with a uranium enrichment of
greater than 5% by weight and to increase economic effi-
ciency by making use of the reduction in fuel cycle costs due
to the increase in the enrichment of the reactor fuel.

In the criticality control of fuel storage pools and spent-fuel
transport/storage casks, the handling of the following assem-
blies may be restricted; that is: fuel assemblies including
reactor fuel rods with a uranium enrichment of greater than
5% by weight or fuel assemblies with a uranium enrichment
of 5% by weight or less or a uranium enrichment close to 5%
by weight among fuel assemblies containing a reactor fuel
with a maximum uranium enrichment of 5% by weight or
less. It is an object of the present invention to reduce the
impact on the criticality control of a fuel storage pool and a
spent-fuel transport/storage cask, in consideration that a reac-
tor fuel rod containing a high or slight amount of gadolinia is
processed in a fuel fabrication step.

The above and other objects can be achieved according to
the present invention by providing, in one aspect, a method of
controlling the criticality of a nuclear fuel cycle facility, com-
prising the steps of:

producing a reactor fuel by adding less than 0.1% by
weight of gadolinia to n uranium dioxide powder with a
uranium enrichment of greater than 5% by weight; and

controlling the effective neutron multiplication factor of a
uranium dioxide system in a step of handling the reactor fuel
to be less than or equal to maximum of an effective neutron
multiplication factor of the uranium dioxide system with a
uranium enrichment of 5% by weight.

In the above aspect, the method may further include the
step of setting an amount of gadolinia added to the uranium
dioxide powder with a uranium enrichment of greater than
5% by weight such that the maximum of the effective neutron
multiplication factor of the uranium dioxide powder with a
uranium enrichment of greater than 5% by weight is less than
orequal to that of the uranium dioxide powder with a uranium
enrichment of 5% by weight, in the maximums of effective
neutron multiplication factors specified by constraints for
ensuring the subcriticality of mass control not handling any
fuel having a mass exceeding a predetermined value relating
to criticality safety design or geometry control not handling
any fuel having a size exceeding a predetermined value relat-
ing to criticality safety design over the entire range of ura-
nium concentration under such complete submergence con-
ditions that spaces between particles of the uranium dioxide
powder with a uranium enrichment of 5% by weight are filled
with water and the particles are surrounded by water for a fuel
fabrication facility.

It may be further desired that the uranium dioxide powder
with a uranium enrichment of greater than 5% by weight has
auranium enrichment of up to 10% by weight and the content
of gadolinia in the reactor fuel is within a range from 305 to
915 ppm. In this regard, an amount of gadolinia added to the
uranium dioxide powder with a uranium enrichment of
greater than 5% by weight is proportional to the uranium
enrichment thereof that exceeds 5% and the constant of the
proportion is determined by dividing the amount of gadolinia
added to a uranium dioxide powder with a uranium enrich-
ment of 10% by weight by five.

In another aspect of the present invention, there is also
provided a method of producing a uranium dioxide powder
comprising the steps of: reconverting uranium hexafluoride;
and adding an aqueous solution of gadolinium nitride to a
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uranium solution treated in a reconverting step so as to pro-
duce a uranium dioxide powder which contains less than
0.1% by weight of gadolinia and which has a uranium enrich-
ment of greater than 5% by weight.

In a further aspect of the present invention, there is also
provided a method of producing a uranium dioxide powder
comprising the steps of: preparing a first powder mixture by
adding about 1% to 10% by weight of gadolinia to a uranium
dioxide powder with a uranium enrichment of greater than
5% by weight; and preparing a powder mixture by adding the
uranium dioxide powder with a uranium enrichment of
greater than 5% by weight to the first powder mixture in
several stages so as to produce a uranium dioxide powder
which contains less than 0.1% by weight of gadolinia and
which has a uranium enrichment of greater than 5% by
weight.

In astill further aspect of the present invention, there is also
provided a reactor fuel rod comprising: a cylindrical fuel
cladding tube including a lower-end plug welded to the lower
end thereof; cylindrical fuel pellets packed in the fuel clad-
ding tube; a plenum spring, placed in an upper hollow portion
of the fuel cladding tube, for elastically pressing the fuel
pellets; and an upper-end plug welded to the lower end of the
fuel cladding tube, wherein the fuel pellets are formed from a
uranium dioxide powder which contains less than 0.1% by
weight of gadolinia and which has a uranium enrichment of
greater than 5% by weight.

In astill further aspect of the present invention, there is also
provided a fuel assembly for a light-water reactor comprising:
a first reactor fuel rod, having a gadolinia content of 0.1% by
weight or more, for controlling reactivity and power distribu-
tion of a reactor core in operation; and a second reactor fuel
rod, of the type mentioned above, which contains fuel pellets
formed from a uranium dioxide powder, containing less than
0.1% by weight of gadolinia, having a uranium enrichment of
greater than 5% by weight and which has same configuration
as that of a reactor fuel rod.

The fuel assembly may further include a third reactor fuel
rod with a uranium enrichment of 5% by weight or less.

In astill further aspect of the present invention, there is also
provided a method of controlling the criticality of a nuclear
fuel cycle facility, comprising: controlling the criticality of a
fuel storage pool or a spent-fuel transport/storage cask for
storing the fuel assembly mentioned above or a fuel assembly
which includes only the third reactor fuel rod mentioned
above and which has a gadolinia content 0f 0.1% by weight or
more, wherein the subcriticality of the fuel storage pool or the
spent-fuel transport/storage cask is ensured in such a manner
that the effective neutron multiplication factor of the fuel
assembly is assumed to be the maximum effective neutron
multiplication factor of a reactor fuel over the entire period of
the burning of the reactor fuel.

According to the present invention, a slight amount of
gadolinia, which is a burnable poison having a large neutron
absorption cross-section, is uniformly added to a reactor fuel
with a uranium enrichment of greater than 5% by weight,
whereby influences on measures for controlling the criticality
of a nuclear fuel cycle facility can be reduced. Furthermore,
economic efficiency can be increased by making use of the
reduction in fuel cycle costs due to the increase in the enrich-
ment of the reactor fuel.

Inthe case where there are constraints on criticality control
when a fuel assembly is handled in a fuel storage pool or a
spent-fuel transport/storage cask, influences on measures for
criticality control can be reduced in consideration that a reac-
tor fuel rod containing a slight or large amount of gadolinia is
treated in a fuel fabrication step.
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The nature and further characteristic features of the present
invention will be made clearer from the following descrip-
tions made with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a graph showing the relationship between the
neutron absorption cross-section (barns) and neutron energy
(eV) of Gd-157;

FIG. 2 is a graph showing the relationship between the
neutron absorption cross-section (barns) and neutron energy
(eV) of Er-167;

FIG. 3 is a graph showing the relationship between the
neutron absorption cross-section (barns) and neutron energy
(eV) of B-10;

FIG. 41s a graph showing a technique for setting an amount
of'gadolinia added to a UO, powder used in a method, accord-
ing to a first embodiment of the present invention, of control-
ling the criticality of a nuclear fuel cycle facility;

FIG. 5 is a graph showing the relationship between an
amount of gadolinia added to UO, powders used in the
method according to the first embodiment and the uranium
enrichment (5% to 10% by weight) of the UO, powders;

FIG. 6 is a flowchart showing a conventional method of
producing a UO, powder through the reconversion of UF by
a solvent extraction process used in a method for producing a
UO, powder according to a second embodiment of the
present invention;

FIG. 7 is a flowchart showing the method according to the
second embodiment in which a slight amount of an aqueous
solution of gadolinium nitrate is used in a step of producing a
UO, powder through the reconversion of UF, by a solvent
extraction process such that a powder mixture of gadolinia
and UO, is prepared;

FIG. 8 is an illustration showing a technique for adding
gadolinia to a UO, powder treated in a fuel fabrication step of
the method according to the second embodiment;

FIG. 9 is a schematic sectional view of a reactor fuel rod,
according to a third embodiment of the present invention,
including fuel pellets made from a UO, powder containing a
slight amount of gadolinia;

FIG. 10 is an illustration showing the two-dimensional
arrangement pattern of a design example of a conventional
replacement fuel assembly (used for two years, having an
average burnup of about 70 GWd/t), having an average ura-
nium enrichment of about 6.2% by weight, for boiling-water
reactors and also showing that of a fuel assembly, according
to a fourth embodiment, including reactor fuel rods fabricated
using UO, powders which slightly contain, for example, less
than 0.1% by weight of gadolinia and which have a uranium
enrichment of greater than 5% by weight;

FIG. 11 is an illustration showing the infinite multiplica-
tion factor of a design example of a conventional replacement
fuel assembly, having an average uranium enrichment of
about 6.2% by weight, for boiling-water reactors and also
showing that of a fuel assembly, according to the fourth
embodiment, including reactor fuel rods fabricated using a
UO, powder which slightly contains, for example, less than
0.1% by weight of gadolinia and which has a uranium enrich-
ment of greater than 5% by weight, the replacement fuel
assemblies being under operation (a void fraction of 40%);

FIG. 12 is a graph showing the relationship between gado-
linia content and uranium enrichment (uranium enrichment
of 5% to 10% by weight) of a UO, powder contained in the
fuel assembly according to the fourth embodiment;
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FIG. 13 is a schematic plan view showing reactor fuel rods,
having a uranium enrichment of greater than 5% by weight,
containing a slight amount of gadolinia, the reactor fuel rods
being arranged in a fuel assembly for pressurized-water reac-
tors, the fuel assembly being a modification of the fuel assem-
bly according to the fourth embodiment;

FIG. 14 is a graph which illustrates a method, according to
a fifth embodiment of the present invention, for controlling
the criticality of a nuclear fuel cycle facility and which shows
the relationship between the infinite neutron multiplication
factor and burnup of a reactor fuel for boiling-water reactors
atlow temperature, the reactor fuel including reactor fuel rods
with a high gadolinia content; and

FIG. 15 is a graph which illustrates the method according
to the fifth embodiment and which shows the relationship
between the infinite neutron multiplication factor and the
burnup of a reactor fuel, having a gadolinia content of 100
ppm, for pressurized-water reactors at low temperature.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention will be described
hereunder with reference to the accompanying drawings.

The term “reactor fuel” used herein covers powders con-
taining UQ, particles, fuel pellets made from the powders,
reactor fuel rods including the fuel pellets, bundles of the
reactor fuel rods, and fuel assemblies including the bundles.

The term “uranium oxide system (UO, system)” used
herein means a system in which spaces between powders
including partially or entirely UO, particles, fuel pellets made
from a powder containing the UQO, particles, arrangement of
such fuel pellets, reactor fuel rods including the fuel pellets,
bundles of the reactor fuel rods, and fuel assemblies including
the bundles are filled water, and in which the UO, particles,
the fuel pellets, the reactor fuel rods, the bundles, and the fuel
assemblies are surrounded by water under given conditions of
predetermined size and mass.

In descriptions below, 1 ppm is equal to 1x10* weight
percent.

A reactor fuel containing less than 0.1% by weight of
gadolinia is hereinafter referred to as a low-gadolinia content
fuel. A reactor fuel containing 0.1% by weight or more of
gadolinia is hereinafter referred to as a high-gadolinia content
fuel.

[First Embodiment]

A method of controlling the criticality of a nuclear fuel
cycle facility according to a first embodiment of the present
invention will now be described with reference to FIGS. 4 and
5.

Non-patent Document 2 specifies “minimum estimated
criticality values” and “minimum estimated criticality lower-
limits” that are constraints used in “mass control” not han-
dling any reactor fuel having a mass exceeding a limit on
criticality control or “geometry control” not handling any
reactor fuel having a size exceeding a limit on criticality
control with respect to a uniform UO,-H,O system that is the
strictest model on criticality control in consideration of “com-
plete submergence”. Table 1 shows constraints used in a UO,
powder-handling step (hereinafter referred to as a UO, pow-
der step). The term “estimated criticality value” used herein
means such a value that something having a mass or size equal
to the value is determined to be critical. The term “estimated
criticality lower-limit” used herein means such a value that
something having a mass or size less than or equal to the value
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is determined to be subcritical. Values shown in Table 1 are
minimum values over the entire range of the concentration of
uranium.

TABLE 1

8

ment of uranium that is determined such that the effective
neutron multiplication factors of UO, powders, containing a
slight amount of gadolinia, with a uranium enrichment of

Minimum estimated
criticality values

Minimum estimated
criticality lower-limits

Enrichment (weight percent)

3 4 5 10 20 3 4 5 10 20
Diameter of — 382 257 203 179 — 269 244 194 172
infinite
cylinders (cm)
Thickness of — 134 119 842 687 — 127 112 797 620
infinite
plates (cm)
Volume of 454 329 274 157 108 401 294 240 141 9.62
spheres (L)
Mass (kgU) 921 339 367 — — 79.6 456 330 — —

20

The method of this embodiment is as follows: a slight
amount, for example, less than 0.1% by weight of gadolinia is
uniformly added to a UO, powder, handled in fuel fabrication
facilities, having a uranium enrichment of greater than 5% by
weight, whereby the effective neutron multiplication factor of
the mixture is controlled to be less than or equal to the maxi-
mum of an effective neutron multiplication factor which is a
constraint on mass or geometry control for controlling the
criticality safety of a UO, powder with a uranium enrichment
of 5% by weight.

That is, a slight amount of gadolinia is added to the UO,
powder with a uranium enrichment of greater than 5% by
weight such that an effective neutron multiplication factor for
the mass or geometry control of the UO, powder with a
uranium enrichment of greater than 5% by weight is con-
trolled to be less than or equal to the maximum of an effective
neutron multiplication factor for the mass or geometry con-
trol for a UO, powder, shown in Table 1, having a uranium
enrichment of 5% by weight. Thus, a constraint on the criti-
cality safety ofthe UO, powder with a uranium enrichment of
greater than 5% by weight is controlled to be equal to a
constraint on the criticality safety of the UO, powder with a
uranium enrichment of 5% by weight.

The term “a uranium enrichment of 5% by weight” used
herein covers a range from 4.5% to 5.0% by weight. A UO,
powder with a uranium enrichment of 3% by weight and a
UO, powder with a uranium enrichment of 4% by weight,
which are shown in Table 1, are included in this embodiment
in addition to the UO, powder with a uranium enrichment of
5% by weight which is a reference for comparison. Con-
straints on the UO, powders with a uranium enrichment of3%
or 4% by weight are severe, and therefore, the amount of
gadolinia added thereto becomes large.

Table 1 shows the UO, powders with a uranium enrichment
of 3%, 4%, or 5% and UO, powders with a uranium enrich-
ment of 10% or 20% by weight. FIG. 4 is a graph showing the
content of gadolinia relating to the mass control 0of 33 kgU of
the UO, powder with a uranium enrichment of 5% by weight.

With reference to FIG. 4, Line “A” represents the maxi-
mum of the effective neutron multiplication factor of the UO,
powder with a uranium enrichment of 5% by weight, the
effective neutron multiplication factor giving a mass of 33
kgU at the minimum estimated critical lower-limit of the UO,
powder with a uranium enrichment of 5% by weight over the
entire range of the content of uranium. FIG. 4 gives the
relationship between the content of gadolinia and the enrich-
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greater than 5% by weight are less than or equal to the maxi-
mum represented by Line “A”.

The relationship between the content of gadolinia and the
enrichment of uranium is given by a neutron transport calcu-
lation performed for a water-reflected spherical system in
which spaces between particles of a UO, powder are filled
with water using the content of gadolinia (or the volume of the
spherical system) as a parameter. The following results are
then obtained; that is: the amount of gadolinia added to each
UO, powder with a uranium enrichment of 6%, 7%, 8%, or
10% by weight is 53, 110, 170, or 305 ppm, respectively.

According to neutron transport calculations performed for
an infinite cylinder with a diameter of 24.4 cm, an infinite
plate with a thickness of 11.2 cm, and a sphere with a radius
01'24.0 cm under the same gadolinia content condition using
the content of gadolinia as a parameter, the infinite cylinder,
the infinite plate, and the sphere being made of the UO,
powder with a uranium enrichment of 5% by weight, the
effective neutron multiplication factors of the UO, powders,
containing a slight amount of gadolinia, with a uranium
enrichment of greater than 5% by weight are less than the
maximum of the effective neutron multiplication factor of the
UO, powder with a uranium enrichment of 5% by weight and
constraint conditions are satisfied.

In a fuel fabrication facility, neutron transport calculations
are performed for a step of forming fuel pellets, step of
fabricating a reactor fuel rod, and step of fabricating a fuel
assembly subsequent to a step of producing a UO, powder
under the same gadolinia content condition, and it is thereby
confirmed that the effective neutron multiplication factor of
the UO, powder-producing step is minimum.

Thatis, by using a gadolinia content set in the UO, powder-
producing step, the effective neutron multiplication factor of
aUQO, system concerning an array of fuel pellets containing a
reactor fuel with a uranium enrichment of greater than 5% by
weight, a bundle of reactor fuel rods, or a fuel assembly is
restricted to be less than or equal to the effective neutron
multiplication factor of a fuel pellet, reactor fuel rod, or fuel
assembly with a uranium enrichment of 5% by weight.
Likely, the constraint conditions are satisfied.

FIG. 5 is a graph showing the relationship between the
amount of gadolinia added to the UO, powders with a ura-
nium enrichment of greater than 5% by weight and the ura-
nium enrichment of these UO, powders. The amount of gado-
linia added to the UO, powder with a uranium enrichment of
5% by weight is 0 ppm. The amount of gadolinia added to the
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UO, powder with a uranium enrichment of 10% by weight is
305 ppm. The term “a uranium enrichment of 10% by weight”
used herein covers a range from 9.5% to 10.0% by weight.

As shown in FIG. 5, the amount of gadolinia added to the
UO, powders with a uranium enrichment of greater than 5%
by weight is substantially proportional to the uranium enrich-
ment of these UO, powders. Supposing that the uranium
enrichment and the gadolinia content are limited to 10% by
weight or less and 305 ppm or less, respectively, and are in
proportion to each other, the gadolinia content can be readily
determined by using a proportional constant of, for example,
61, the proportional constant being obtained by dividing the
gadolinia content (305 ppm) of the UO, powder with a ura-
nium enrichment of 10% by weight by 5. In view of criticality
control, a control technique using this approximate straight
line is more safe than a technique in which the content of
gadolinia is calculated from the enrichment of uranium,
because the content of gadolinia is determined to be relatively
large.

In this embodiment, a number by which the gadolinia
content (305 ppm) of the UO,, powder with a uranium enrich-
ment of 10% by weight is divided ranges from 4.5 to 5.5
because the lower limit and upper limit of the uranium enrich-
ment range from 4.5% to 5.0% by weight and from 9.5% to
10.0% by weight, respectively.

According to this embodiment, as for the criticality con-
trol, a reactor fuel with a uranium enrichment of greater than
5% by weight can be treated on equal terms with a UO,
powder with a uranium enrichment of 5% by weight by uni-
formly adding a slight amount of gadolinia to a UO, powder
for fabricating the reactor fuel. Therefore, in a fuel fabrication
facility, fabrication steps such as a step of handling a UO,
powder, a step of forming fuel pellets, a step of fabricating a
reactor fuel rod, a step of fabricating a fuel assembly, and a
step of storing the fuel assembly can be controlled in the
criticality control on equal terms with a step of handling the
reactor fuel with a uranium enrichment of 5% by weight.

In fuel cycle steps including a fresh-fuel transport step, a
fresh-fuel storage step, a spent-fuel storage step, and a spent-
fuel transport step in addition to a fuel fabrication step, the
effective neutron multiplication factors of a fuel storage pool
and a spent-fuel transport/storage cask are held to be less than
a constraint for ensuring subcriticality by making use of the
reactivity-suppression effect of gadolinia, whereby cost
increases due to design changes or equipment modifications
can be prevented and fabrication costs can be prevented from
being increased.

[Second Embodiment]

A method of producing a UO, powder according to a sec-
ond embodiment of the present invention will be described
hereunder with reference to FIGS. 6 to 8.

In order to produce a reactor fuel from the UO, powder, a
burnable poison is uniformly added to the UO, powder.
Therefore, the reactivity-suppression effect of the burnable
poison can be used in a step of handling the UO, powder.

FIG. 6 is a flowchart showing a conventional method of
producing a UO, powder through the reconversion of ura-
nium hexafluoride (UF) by a solvent extraction process.

As shown in FIG. 6, UF is added to an aqueous solution of
aluminum nitrate, an aqueous solution of uranyl nitrate is
thereby prepared. Ammonia is added to the aqueous uranyl
nitrate solution, ammonium diuranate (ADU) is thereby pre-
cipitated, and the obtained precipitate is dehydrated, roasted,
and then reduced, thus producing the conventional UO, pow-
der.

FIG. 7 is a flowchart showing the method of this embodi-
ment. In the method, a slight amount of an aqueous solution of
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gadolinium nitrate is used in the process of producing the
UO, powder through the reconversion of UF, by a solvent
extraction process such that a uniform powder mixture of
gadolinia and UQ, is obtained.

According to the method of this embodiment, as shown in
FIG. 7, a slight amount of the aqueous gadolinium nitrate
solution is added to an aqueous solution of uranyl nitrate
obtained by a solvent extraction process, and a uniform solu-
tion is then prepared. A uniform powder mixture containing
UO, and a slight amount of gadolinia is produced from
ammonium diuranate (ADU) containing gadolinia. Since the
uniform solution is prepared by adding a slight amount of the
aqueous gadolinium nitrate solution to the aqueous uranyl
nitrate solution, gadolinia and UO, are uniformly mixed
together in the UO, powder.

A wet ADU process and the like are examples of a process
of producing another UO, powder. The wet ADU process
may include a step of preparing an aqueous solution of uranyl
nitrate and a step of adding an aqueous solution of gadolinium
nitrate to this aqueous uranyl nitrate solution. This allows a
UO, powder in which UO, and a slight amount of gadolinia
are uniformly mixed together to be produced.

Alternatively, as shown in FIG. 8, after a UO, powder is
received, a first powder mixture is prepared by uniformly
mixing the UO, powder and a gadolinium powder together so
as to have a gadolinium content of about 1% to 10% by
weight. A second powder mixture is prepared by uniformly
mixing the first powder mixture and the received UO, powder
together such that the content of the first powder mixture in
the second powder mixture is about 1% to 10% by weight. A
third powder mixture is prepared by uniformly mixing the
second powder mixture and the UO, powder together such
that the content of the second powder mixture in the third
powder mixture is about 1% to 10% by weight. This allows
the third powder mixture to have a gadolinia content of about
0.1% by weight or less. That is, a burnable poison-containing
powder mixture in which the gadolinia powder and the UO,
powder are uniformly mixed and which has a gadolinia pow-
der content of less than 0.1% by weight can be produced by
repeating the step of mixing or diluting the gadolinia powder
with an about tenfold amount of the UO, powder several
times.

[Third Embodiment]

A reactor fuel rod according to a third embodiment of the
present invention will be described hereunder with reference
to FIG. 9.

FIG. 9 is a schematic sectional view of the reactor fuel rod
1.

The reactor fuel rod 1 includes a cylindrical fuel cladding
tube 2 including: a lower-end plug 3 welded to the lower end
thereof; cylindrical fuel pellets 4 which are packed in the fuel
cladding tube 2 and which are made from a UO, powder
containing a slight amount of gadolinia; a plenum spring 5,
placed in an upper hollow portion of the fuel cladding tube 2,
for pressing the fuel pellets 4; and an upper-end plug 6 welded
to the lower end of the fuel cladding tube 2.

The UO, powder contains, for example, less than 0.1% by
weight of gadolinia. The fuel pellets 4 are produced by sin-
tering the UO, powder. In particular, the UO, powder is
pressed into blanks with a predetermined shape. The blanks
are heat-treated in a reducing atmosphere so as to be sintered,
to thereby obtain the fuel pellets 4. The fuel pellets 4 have
high density and high mechanical strength and are chemically
stable. The fuel pellets 4 are ground so as to have a predeter-
mined size. The fuel pellets 4 can be produced by a known
process.
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According to this embodiment, as for criticality control,
fuel pellets and reactor fuel rods with a uranium enrichment
of greater than 5% by weight can be treated on equal terms
with a reactor fuel with a uranium enrichment of 5% by
weight or less. That s, a UO, powder with a gadolinia content
of less than 0.1% by weight can be processed into a reactor
fuel by a process similar to a process for fabricating a con-
ventional reactor fuel rod, and hence, a reactor fuel rod with
a uranium enrichment of greater than 5% by weight can be
fabricated without modifying a fuel-processing facility.
[Fourth Embodiment]

A fuel assembly, according to a fourth embodiment of the
present invention, for light-water reactors will be described
hereunder with reference to FIGS. 10 to 13.

FIG. 10 is an illustration showing the two-dimensional
arrangement pattern of a design example of a conventional
replacement fuel assembly (used for two-year operation-
cycle, having an average burnup of about 70 GWd/t), having
an average uranium enrichment of about 6.2% by weight, for
boiling-water reactors and also showing that ofa replacement
fuel assembly including reactor fuel rods 1 fabricated using
UO, powders which slightly contain, for example, less than
0.1% by weight of gadolinia and which have a uranium
enrichment of greater than 5% by weight.

The fuel assembly of this embodiment includes reactor fuel
rods fabricated using UO, powders which slightly contain,
for example, less than 0.1% by weight of gadolinia and which
have a uranium enrichment of greater than 5% by weight.

These reactor fuel rods are classified into three types: reac-
tor fuel rods fabricated using a UO, powder which contains,
for example, 53 ppm gadolinia and which has a uranium
enrichment of 6% by weight; reactor fuel rods fabricated
using a UO, powder which contains, for example, 110 ppm
gadolinia and which has a uranium enrichment of 7% by
weight; and reactor fuel rods fabricated using a UO, powder
which contains, for example, 170 ppm gadolinia and which
has a uranium enrichment of 8% by weight.

FIG. 11 shows the infinite multiplication factor of a design
example of a conventional replacement fuel assembly, having
an average uranium enrichment of about 6.2% by weight, for
boiling-water reactors and also shows that of a replacement
fuel assembly including reactor fuel rods fabricated using a
UO, powder which slightly contains, for example, less than
0.1% by weight of gadolinia and which has a uranium enrich-
ment of greater than 5% by weight, the replacement fuel
assemblies being under operation (a void fraction of 40%).

With reference to FIG. 11, Line “B” represents the rela-
tionship between the infinite multiplication factor and burnup
of the fuel assembly of this embodiment.

Line “C” represents the relationship between the infinite
multiplication factor and burnup of a fuel assembly including
reactor fuel rods fabricated using UO, powders which have a
uranium enrichment of greater than 5% by weight and a
gadolinia content that is about two times greater than that of
the UO, powders used to fabricate the reactor fuel rods
included in the fuel assembly of this embodiment.

The fuel assembly represented by the Line “C” includes:
reactor fuel rods fabricated using a UO, powder having a
gadolinia content of 106 ppm and a uranium enrichment of
6% by weight, reactor fuel rods fabricated using a UO, pow-
der having a gadolinia content of 220 ppm and a uranium
enrichment of 7% by weight; and reactor fuel rods fabricated
using a UO, powder having a gadolinia content of 340 ppm
and a uranium enrichment of 8% by weight.

Line “D” represents the relationship between the infinite
multiplication factor and burnup of a fuel assembly including
reactor fuel rods fabricated using UO, powders which have a
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uranium enrichment of greater than 5% by weight and a
gadolinia content that is about three times greater than that of
the UO, powders used to fabricate the reactor fuel rods
included in the fuel assembly of this embodiment.

The fuel assembly represented by the Line “D” includes:
reactor fuel rods fabricated using a UO, powder having a
gadolinia content of 159 ppm and a uranium enrichment of
6% by weight; reactor fuel rods fabricated using a UO, pow-
der having a gadolinia content of 330 ppm and a uranium
enrichment of 7% by weight; and reactor fuel rods fabricated
using a UO, powder having a gadolinia content of 510 ppm
and a uranium enrichment of 8% by weight.

As shown in FIG. 11, the difference between the infinite
multiplication factor of the conventional fuel assembly and
that of each fuel assembly represented by the Line “B”, “C” or
“D” is small, that is, about 1% to 3% Ak in an initial stage of
burning, and hence, the influence on the reactivity of a reactor
core is slight. The fuel assembly of this embodiment has a
difference in infinite multiplication factor of about 1% Ak,
and hence, a conventional design need not be modified. The
fuel assemblies including the reactor fuel rods fabricated
using the UO, powders having a uranium enrichment of
greater than 5% by weight and a gadolinia content that is
about two or three times greater than that of the UO, powders
used to fabricate the reactor fuel rods included in the fuel
assembly of this embodiment have a small difference in infi-
nite multiplication factor of about 2% and 3% Ak, respec-
tively. Accordingly, a conventional design need not be modi-
fied or needs to be slightly changed in the number of reactor
fuel rods with a high gadolinia content, the gadolinia content
thereof, or the arrangement of the reactor fuel rods.

The difference between the infinite multiplication factor of
the conventional fuel assembly and that of the fuel assembly
of this embodiment decreases with the progress of burning
and disappears at a cycle burnup of about 5 GWd/t or more
(corresponding to half-year operation). Therefore, the reac-
tivity loss caused by gadolinia in a final stage of an operation
cycle is negligible.

A UO, powder with a uranium enrichment of 10% by
weight may have a gadolinia content of up to 915 ppm, which
is three times greater than the gadolinia content (305 ppm) of
the UO, powder, described in the first embodiment, having a
uranium enrichment of 10% by weight. UO, powders with a
uranium enrichment of greater than 5% by weight may have
a gadolinia content that is up to three times greater than those
described in the first embodiment. The content of gadolinia
can be determined in a hatched region sandwiched between
Lines “E” and “F” in FIG. 12. The content of gadolinia in a
reactor fuel with a uranium enrichment of greater than 5% by
weight is less than about 0.1% by weight.

According to this embodiment, as for the criticality con-
trol, a fuel assembly with a uranium enrichment of greater
than 5% by weight can be treated on equal terms with a
reactor fuel with a uranium enrichment of 5% by weight or
less. That is, a reactor fuel rod can be fabricated by a process,
similar to a process for fabricating a conventional reactor fuel
rod, using a UO, powder having a gadolinia content of, for
example, less than 0.1% by weight and a uranium enrichment
of 5% by weight or more. Accordingly, a fuel assembly with
a uranium enrichment of greater than 5% by weight can be
obtained with no equipment modifications.

Gadolinia, which is slightly contained in a fuel assembly,
rapidly burns out in an initial stage of burning and therefore
causes no reactivity loss in a final stage of an operation cycle.
Hence, gadolinia can meet an increase in economic efficiency
due to the use of reactor fuels with a uranium enrichment of
greater than 5% by weight.
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The fuel assembly of this embodiment can be used for
boiling-water reactors including reactor fuel rods having dif-
ferent uranium enrichments as described above and can be
used for pressurized-water reactors including reactor fuel
rods having a single uranium enrichment.

FIG. 13 is an illustration showing reactor fuel rods
arranged in a fuel assembly for pressurized-water reactors.
The reactor fuel rods have a uranium enrichment of greater
than 5% by weight and contain a slight amount of gadolinia.
This fuel assembly is a modification of the fuel assembly of
this embodiment. Another modification of the fuel assembly
of this embodiment may include reactor fuel rods, having a
uranium enrichment of 5% by weight or less, placed in corner
and/or peripheral portions thereof so as to provide a uniform
power distribution.

The fuel assembly of this embodiment may contain boro-
silicate glass or another material serving as a burnable poison.

The fuel assembly of this embodiment has only a slight
influence on the initial reactivity of a reactor core and no
unburned portion of gadolinia remains in reactor fuel rods
arranged in the fuel assembly of this embodiment in a final
stage of an operation cycle, thereby preventing reactivity loss.
Therefore, the number of fresh fuel rods for replacement and
fuel cycle costs can be greatly reduced by increasing the
enrichment of reactor fuels, which is the purpose of using
reactor fuels with a uranium enrichment of greater than 5%.
[Fifth Embodiment]

A method, according to a fifth embodiment of the present
invention, for controlling the criticality of a nuclear fuel cycle
facility will be described hereunder with reference to FIGS.
14 and 15.

In the case of handling fuel assemblies including reactor
fuel rods with a uranium enrichment of greater than 5% by
weight or handling fuel assemblies which have a maximum
uranium enrichment of 5% by weight or less and which
include reactor fuel rods with an average uranium enrichment
of 4.5% to 5% by weight, there may be some constrains on
fuel storage pools and spent-fuel transport/storage casks
because effective neutron multiplication factors have been
used to control criticality without any regard for the reactiv-
ity-suppression effect of unburned gadolinia.

According to the method ofthis embodiment, a reactor fuel
having the largest effective neutron multiplication factor over
the entire period of burning is supposed in consideration that
a reactor fuel rod containing a slight amount, for example,
less than 0.1% by weight of gadolinia or a large amount of
gadolinia is treated in a fuel fabrication step. Accordingly, the
subcriticality of the fuel storage pools and spent-fuel trans-
port/storage casks, which are used to store the fuel assem-
blies, is ensured such that influences on measures on critical-
ity control are reduced.

FIG. 14 is a graph showing the relationship between the
infinite neutron multiplication factor and burnup of a system
including fuel assemblies infinitely arranged at low tempera-
ture, the system being an example of a reactor fuel, including
reactor fuel rods with high gadolinia content, for boiling-
water reactors. The maximum infinite neutron multiplication
factor k1 of the reactor fuel containing gadolinia is less than
the infinite neutron multiplication factor k0 of a reactor fuel
containing no gadolinia.

FIG. 15 is a graph showing the relationship between the
infinite neutron multiplication factor and burnup of a reactor
fuel, having a gadolinia content of 100 ppm, for pressurized-
water reactors at low temperature. The maximum infinite
neutron multiplication factor k1 of the reactor fuel containing
gadolinia is less than the infinite neutron multiplication factor
k0 of a reactor fuel containing no gadolinia.
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That is, the reactivity of a reactor fuel can be reduced by
adding a large or slight amount of gadolinia to this reactor
fuel. Therefore, the maximum infinite neutron multiplication
factor k1 of a fuel assembly containing this reactor fuel over
the entire period of burning can be used instead of the infinite
neutron multiplication factor k0 of the fuel assembly that has
been conventionally determined without any regard for the
reactivity-reducing effect of unburned gadolinia. This allows
the effective neutron multiplication factor of a fuel storage
pool and spent-fuel transport/storage cask for storing the fuel
assembly to be reduced, thereby ensuring the subcriticality of
the fuel storage pool and the spent-fuel transport/storage
cask.

In this embodiment, gadolinia, which is a rare-earth oxide,
is used as a burnable poison. Samarium oxide, which has a
large neutron absorption cross-section, may be used instead
of gadolinia.

Inthe case where there are constraints on criticality control
when a fuel assembly is handled in a fuel storage pool or a
spent-fuel transport/storage cask, the method of this embodi-
ment can be used even if the fuel assembly has a uranium
enrichment of 5% by weight or less. That is, in the case where
there are constraints on criticality control when the fuel
assembly is stored, the use of the method of this embodiment
is effective in preventing an increase in cost due to modifica-
tions such as design modifications and/or equipment modifi-
cations because the method of this embodiment assumes the
fuel assembly as a reactor fuel having a maximum effective
neutron multiplication factor over the entire period of burn-
ing.

According to the above embodiments, a slight amount of
gadolinia is uniformly added to a UO, powder for producing
a reactor fuel with a uranium enrichment of greater than 5%
by weight. Therefore, costs, relating to criticality safety, for
modifying fuel fabrication facilities and fabrication costs can
be prevented from being increased. Furthermore, no
unburned portion of gadolinia remains in a final stage of an
operation cycle, and therefore, no reactivity loss is caused.
The number of fresh fuel rods for replacement can be reduced
because of an increase in the enrichment of a reactor fuel, and
hence, economic efficiency can be increased.

When there may be constraints on the criticality control of
not only reactor fuels with a uranium enrichment of greater
than 5% by weight but also current fuel assemblies including
fuel rods with a maximum enrichment of 5% by weight or
less, influences on measures for ensuring the subcriticality of
fuel storage pools and spent-fuel transport/storage casks can
be reduced in such a manner that the reactor fuels are assumed
as reactor fuels having the maximum reactivity over the entire
period of burning in consideration that reactor fuel rods con-
taining a slight or large amount of gadolinia are treated in a
fuel fabrication step.

It is further to be noted that the present invention is not
limited to the described embodiments and many other
changes and modifications may be made without departing
from the scope of the appended claims.

What is claimed is:

1. A method of controlling the criticality of a nuclear fuel
cycle facility, comprising:

producing a reactor fuel by adding from 305 to 915 ppm of

gadolinia to a uranium dioxide powder with a uranium
enrichment of greater than 5% and 10% or less by
weight;

controlling an effective neutron multiplication factor of a

uranium dioxide system containing the uranium dioxide
powder to which gadolina is added to be less than or
equal to a maximum of an effective neutron multiplica-
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tion factor of a uranium dioxide system with a uranium
enrichment of 5% by weight;
ensuring a control of a mass subcriticality by:
not handling any fuel having a mass exceeding a prede-
termined value relating to criticality safety design;
not handling any fuel having a size exceeding a size of a
predetermined value relating to criticality safety
design; and
maintaining the fuel under complete submergence con-
ditions such that spaces between particles of the ura-
nium dioxide powder with a uranium enrichment are
filled with water and the particles are surrounded by
water;
wherein
the control of the effective neutron multiplication factor is
obtained by adding an amount of gadolinia to the
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enriched uranium dioxide powder such that the maxi-
mum of'the effective neutron multiplication factor of the
enriched uranium dioxide powder is less than or equal to
an effective neutron multiplication factor of uranium
dioxide powder with a uranium enrichment of 5% by
weight, and

the amount of gadolinia added to the uranium dioxide
powder with a uranium enrichment of greater than 5%
by weight is proportional to the uranium enrichment
thereof that exceeds 5% and a constant of the proportion
is determined by dividing the amount of gadolinia added
to a uranium dioxide powder with a uranium enrichment
of 10% by weight by five.



